The preferential cleavage of kynurenine peptides bonds was studied through reduction to y-(oaminophenyl)-homoserine derivatives followed by mild acidic as well as mild alkaline hydrolysis. The reduction of keto group of kynurenine to hydroxy one was achieved by controlled potential electrolysis at -1.05 Volts. In order to understand the mechanism of hydrolysis some model com pounds related to kynurenine peptides were also synthesized and studied. Hydrolysis of y-(o-aminophenyl)-homoserine peptides in acidic media is related only to the assistance of y-hydroxy function, whereas in alkaline media also aromatic amino group is involved.
The conversion of tryptophan to kynurenine was extensively investigated in our laboratories through performic acid oxydation 1 and, with better results, in peptides and proteins by ozonization 2' 3 and dye sensitized photooxidation 4 w ith the aim to reach a preferential chemical cleavage at the tryptophan residue. The preparation of kynurenine peptides was firstly achieved from the corresponding trypto phan peptides 5 and modified lysozyme w as obtained and studied 6.
In this paper we present results about the pre ferential hydrolysis of kynurenine peptides through reduction by controlled potential electrolysis of the keto group to the hydroxy followed by mild acidic or basic hydrolysis.
In addition some kynetic studies on the cleavage of selectively reduced kynurenine peptides and of related derivatives are reported *.
Selective reduction of the keto group of kynure nine (1) to hydroxy group of y -(o-aminophenyl) -homoserine (2) was previously studied polarographically by one of us 8 and was found to occur over a large interval of pH with the consumption of two electrons: These studies, alread y accom plished w ith k y n u renine alone, have now been extended to some k y n u renine peptides in 5% and 50% acetic acid.
As reported in T able I the exam ined kynurenine derivatives present sim ilar half-w ave potentials of po laro g rap h ic reduction as th at done by kynurenine itself. Some v ariatio n s am ong the com pounds could depend on the different m olecular structure. C ontrolled potential electrolysis m ay be b etter ac com plished at -1.05 V olts vs. SCE, the reduction of keto group being controlled by the low ering of cu rren t flow and also checked by reco rd in g polaro-grams without changing the experimental condi tions 9. Reduction is accompanied by disappearance of the absorption maximum at 360 m/<, whereas a new maximum is noted at 280 m/< (see Fig. 1 Controlled potential electrolysis appears a very selective method of reduction since no other amino acid is affected with the exception of cystine which is quantitatively converted to cysteine 10. Fig. 2 shows a pattern of polarographic reduction of kynurenine in 5% acetic acid.
Kynurenine and its peptides may alternatively be reduced to y (o-am inophenyl) -homoserine with NaBH4 11 but this m ethod is less accurate than the electrochemical one, since over reduction may result, and pure products are obtained only after crystalli zation. For these reasons the electrochemical reduction is preferable, especially when small amounts of sub stance are available.
In order to study the mechanism of cleavage some protected kynurenine peptides were prepared d and the carbobenzoxy group was removed by hydrogenolysis. Their m elting points, rotatory power, chro matographic behaviour and analytical data are re ported in Table II The obtained results show th a t the }'-hydroxy group labilizes both peptide bonds, b u t in a diffe rent extent. In fact the N -term inal am ino acid is re leased m ore rapidly th an the C -term inal one.
In o rd er to ascertain if only the h y d ro x y g ro u p is involved in the preferen tial cleavage of /-(o -am in ophenyl) -hom oserine peptides, som e model com pounds lacking of the ortho am ino g ro u p have been studied. Thus we have p rep ared alanyl-;;-phenylhom oseryl-glycine ethyl ester (6) an d in ad d itio n glycyl-7-phenyl-y-hydroxy-propylam ide (7) .OH
b ut also the a-carboxy and a-am ino functions are respectively absent. These derivatives w ere subjected to m ild acidic hydrolysis and the rate of cleavage of peptide bonds, determ ined on the basis of released am ino acids, are rep o rted in Fig. 3 b. A com parison of the results reported in Figs. 3 a and 3 b shows th at there is no appreciable difference in the rate of acidic hydrolysis of both peptide bonds of the different com pounds.
These results po in t out that the arom atic am ino g ro u p is not involved in the acidic hydrolysis of re duced kynurenine peptides. M oreover neither a-carboxy, n o r a-am ino gro u p have any influence on the hydrolysis of the n ea r peptide bond.
These data suggest the follow ing pathw ay for the acidic hydrolysis of C-peptide bond of }'-(o-aminophenyl) -hom oserine and ;'-phenyl-hom oserine pep tid es: the b ehaviour of alanyl-^-phenyl-hom oseryl-glycine ethyl ester ( 6 ), glycyl-y-phenyl-7 -hydroxy-propylam ide (7) and j'-phenyl-y-hydroxy-butyryl-glycine ethyl ester (8 ).
,C 2 CH -NH3
This mechanism is analogous to that demonstrated by B r u i c e and M a r q u a r d t 12 in the acidic hydro lysis of y-hydroxy-butyramide.
On the other hand, the cleavage of the TV-peptide bond of y-(o-am inophenyl) -homoserine peptides might be explained on the basis of a "N -0 acil m igration" as postulated by Z a h n and ZÜRN 13 for the acidic hydrolysis of hydroxylysyl peptides and also by S a n g e r and Tuppy 14 in the hydrolysis of serine and threonine peptides. 
glycyl-y-phenyl-y-hydroxy-propyl-amide (7). Gly* (H-----+ ) released from y-phenyl-yhydroxy-butyryl-glycine ethyl ester (8). Gly* ( □ -----□ ) and (Ala ( O -------O ) released from alanyl-7-phenyl-homoseryl-glycine ethyl ester (6).
It is notew orthy th a t a) no hyd ro ly sis of the Nterm inal am ino acid bond takes place w hen the a ro m atic am ino group of y-(o-am ino-phenyl)-hom oserine is lacking, and b) the rate of hydrolysis of the C-ter m inal am ino acid bond is decreased.
These results prove th a t the aro m atic am ino group of reduced kyn u ren in e is involved in the a l kaline hydrolysis. In o u r o p inion this gro u p does not act, how ever, attacking the peptide bonds since it w ould occur th ro u g h a very unlike eight or sevenm em ber ring. To explain the role of the aro m atic am ino group in the hydrolysis it is tentatively proposed the fo r m ation of a h y d rogen bond w ith the y-hydroxy g roup, w ith the result to increase the basicity of this last.
In o rd er to control the v alidity of this hypothesis the I.R . spectra of a-m ethyl-o-am inophenyl-carbinol 0 ^i-NHP
As show n in Fig. 4 this p articip atio n of the ortho am ino group is a p rereq u isit fo r the cleavage of the N -term inal bond of y-(o-am inophenyl) -hom oserine peptides, w hereas in the cleavage of the C-peptide bond it probably acts also increasing the reaction rate.
In this regard we rem em ber that in alkaline m edia not only the C -term inal bond of y-phenyl-homoserine peptide is cleaved (see above) but also am ide bond of y-hydroxy-butyram ide (see B r u i c e and
M a r q u a r d t 12) .
The p articip atio n of aro m atic am ino group of y-(o-am inophenyl) -hom oserine by hydrogen bond coordination seems to play an assistance to the ca ta lysis sim ilar to that observed in some enzymes lo.
Experim ental
Materials. -/2-Benzoyl propionic acid 16, ^-benzoyl ethylam ine17 and a-amino-/?-benzoyl-propionic acid 18 were prepared according to literature. This last com pound was also prepared from acetophenone ac cording to a new procedure below reported. a-Methyl o-aminophenyl carbinol and a-methyl phenyl carbinol were prepared respectively from o-nitroacetophenon and acetophenon 19. The substances.for these synthesis were Fluka products (Fluka AG, Basle, Sw itzerland). All other reagents, when not otherwise specified, were Merck reagent grade products (Merck AG, Darmstadt, G erm any). Methods. -UV spectra were obtained with a Beck man Model DB spectrophotometer connected to a Sargent recorder. Absorptions at single wavelengths were determined with a Hilger Uvispek Model H. 700 spectrophotometer. The IR spectra were obtained with a Perkin-Elmer Model 337 spectrophotometer. The pH was determined with a Beckman expanded scale pHmeter, Model 76. The rotatory powers were measured with a Perkin-Elmer Model 141 polarim eter; concen trations are given in grams per 100 ml of solvent. The melting points were determined on a Tottoli apparatus (Biichi) and are uncorrected.
For polarographic reduction and for controlled cathod potential electrolysis an AMEL Model 557/SV potentiostat was used. Polarographic cells were AMEL type. Temperature was 28 + 0.1. Oxygen was removed with nitrogen bubbling for 15 minutes. In the case of controlled potential electrolysis of kynurenine peptides, the sample (10 -20 mg) was dissolved in 10 ml of 5% acetic acid and a current of -1.05 Volts vs. SCE was employed; polarograms were recorded at the begin ning and sometimes during the course of the reduction. Reduction of kynurenine peptides was considered ended at the disappearance of the characteristic reduction wave of its keto group (E i/ 2 ^ -1.0 Volts, see Table I ) .
Amino Acid Analyzer was a Technicon apparatus (Technicon Instruments Company Ltd, Chertsey, Eng land) .
Thin layer chromatography (S i0 2) was performed using the following solvent mixtures: n-butyl alcohol: w ater: glacial acetic acid (3 :1 :1 ) (Rfi) ; ethyl ace tate: pyridine: wrater: glacial acetic acid (6 0 :2 0 :1 4 :6 ) (Rf2). The compounds were in turn detected by ninhydrin spray, hypochlorite te s t20 and reaction with p-dimethylaminobenzaldehyde.
Kynurenine peptides. -The V-benzyloxycarbonvl group of protected kynurenine peptides, prepared ac cording our procedure 5, was removed by hydrogenolysis in the presence of palladium on charcoal as a cata lyst in methanol or ethanol. The catalyst was removed and the solvent evaporated in vacuo. The residual oil, after addition of an equimolecular amount of dry HC1 in ethanol, was cristallized from various solvents (see Table II ).
ß-Benzoyl-propionyl-p-nitrophenyl ester. -To a solution of 3.56 g (20 mmoles) of /?-benzoyl propionic acid, 2.78 g (20 mmoles) of p-nitrophenol in 100 ml of anhydrous chloroform, cooled to 0°, 4.12 g (20 mmoles) of dicyclohexylcarbodiimide were added. After 30 mi nutes at 0 C and 24 hrs at room tem perature, the pre cipitate of dicyclohexylurea was filtered off and washed with chloroform. After washings with 5% N aH C 03 and water, the solution was evaporated to dryness and the residue crystallized from methanol-ethyl ether. The yield was 4.78 g (80,'o) ß-Benzoyl-propionyl-glycine ethyl ester. -To a so lution of 2.94 g (21 mmoles) of glycine ethyl ester hydrochloride with 21 mmoles of triethylamine in 100 ml of anhydrous chloroform, 5.98 g (20 mmoles) of yS-benzoyl-propionyl-p-nitrophenyl ester were added, and the m ixture was stirred for 48 hrs. After removing the precipitate of the triethylammonium salt and alka line and acidic washings, the solvent was removed in vacuo and the residue crystallized from methanolethyl ether. The yield was 3.94 g (35%), mp 78°.
Anal. Calcd for C14H 170 4N: C, 63.86; H, 6.51: N, 5.32. Found: C, 63.90; H, 6.37; N, 5,26.
y-Phenyl-y-hydroxybutyryl-glycine ethyl ester. -To a solution of 1.32 g (5 mmoles) of /?-benzoyl-propionvlglycine ethyl ester and 1.5 g oxalic acid in 10 ml of 50% methanol, 1.85 g (50 mmoles) of NaBH4 were added slowly under vigorous stirring. When a negative acetone-test (2,4-dinitropheyl hydrazine) was observed (about 30 m inutes), few drops of conc. HC1 were added to destroy the excess of NaBH4 . The reaction mixture, diluted with water and freed from methanol under re duced pressure, was extracted with ethyl acetate. After washing with water, the ethyl acetate solution was eva porated to dryness and the residue crystallized from benzene-ligroine. The yield was 1.19 g (90%), mp 113°.
Anal. Calcd. for C14H 190 4N : C, 63.36; H, 7.22; N, 5.28. Found: C, 63.41; H, 7.30; N, 5.33 .
Carbobenzoxy-glycyl-ß-benzoyl-ethylamide. -To a solution of 1.85 g (10 mmoles) of /?-aminopropiophenone hydrochloride and 10 mmoles of triethylamine in 60 ml anhydrous chloroform, 3.33 g (11 mmoles) of carbobenzoxy-glycine-p-nitrophenyl ester were added. A fter 48 hrs at room tem perature the solution was washed with 1 N HC1 and 5% N aH C 03 , dried over anhydrous N a2S 0 4 , concentrated to small volume and cooled at 0°. The white crystalline product was col lected by filtration and dried in vacuo. The yield was 3.06 g (90%), mp 116 -117°, single ninhydrin posi tive spot (Rfx 0.90; Rf2 0.75).
Anal. Calcd. for C, 67.04; H, 5.93; N, 8.23. Found: C, 67.10; H, 5.95; N, 8.13 .
Carbobenzoxy-glycyl-y-phenyl-y-hydroxy-propylamide.
-To a solution of 1.70 g (9 mmoles) of carbobenzoxy-glycyl-/3-benzoyl-ethylamide and 1.5 g of oxalic acid in 10 ml of 50% methanol, 1.85 g (50 mmoles) of NaBH4 were added slowly under vigorous stirring. A fter 30 minutes (negative acetone test) a few drops of conc. HC1 were added, the mixture was diluted with water and cooled. The collected precipitate was washed with water and dried. The yield was 1.30 g (76%) mp 133°.
Anal. Calcd. for C19H*>., 04N2: C, 66.64; H, 6.49; N, 8.18. Found: C, 66.57; H, 6.44; N, 8.06 . In order to confirm the complete reduction of the keto group, a sample was hydrolyzed in HC1 6 N at 110 for 20 hrs and then chromatographed on W hatman n. 1 paper sheet (solvent mixture n-butyl alcohol-water-ace tic acid, 4 0 :5 0 :3 ). Ninhydrin reaction revealed only two spots: glycine, Rf = 0.3 and y-phenyl-y-hvdroxy-propyl-amine, Rf 0.67, whereas /J-amino-propiophenone (Rf 0.53) did not appear on the chromatogram.
Glycyl-y-phenyl-y-hydroxy-propylamide hydrochloride.
-A solution of carbobenzoxy-glycyl-}'-phenl-y-hydroxypropylamide (1.7 g) in 60 ml of methanol and few drops of acetic acid, was hydrogenated in the presence of 0.3 g of 10% palladium on chorcoal for 6 hrs. The filtrate was evaporated in vacuo after removal of cata lyst, and the residual oil added of equimolecular amount of dry HC1, crystallized from ethanol-ethyl ether. The yield was 4 g (83%), mp 100°; single nin hydrin positive spot (Rfi 0.75, /?f2 0.50).
Anal. Calcd. for C11H 170 2N2C1: C, 54.10; H, 6.97; N, 11.48. Found: C, 54.00; H, 6.93; N, 11.40. a-Amino-ß-benzoyl-propionic acid. -It was pre pared according to F r a s e r and R a p h a e l from benzoylacrylic acid 18. This product was utilized for the suc cessive synthesis, in addition, in order to control the retention volume of its reduction product, a-amino-/ibenzoyl-propionic acid was also reduced with NaBH4 . The obtained compound y-phenyl-homoserine, which is the substance formed during hydrolysis of y-phenylhomoseryl peptides, emerged from the column in two distinct peaks.
In fact the possibility to obtain, from benzoyl-acrylic acid and ammonia, a mixture of a-amino-/?-benzoyl-propionic and /?-amino-/?-benzoyl-propionic acids was al ready discussed by several authors 18, 21, 22. On the aim to overcome such a doubt we devised a new unambigous route of synthesis for a-amino-/?-benzoyl-propionic acid.
A solution of 60 ml of anhydrous methanol, 0.6 g of Na, 5.7 g (26.2 mmoles) of diethyl acetaminomalonate and 4.9 g (24.6 mmoles) of phenacylbromide was heated at reflux for 6 hrs. After removal of the solvent in vacuo, the residual oil was extracted with chloro form; the solution was concentrated to dryness and the residue hydrolyzed with a mixture of 50 ml of conc. HC1 and 20 ml of glacial acetic acid for 6 hrs at 9 0 ". The reaction mixture, diluted with 300 ml of water, was extracted for 24 hrs in a liquid-liquid apparatus with ethyl ether. The ethereal extract left a residue (3 g) that dissolved in 100 ml of water and brought to pH 7 with NaOH solution, was applied to a 3 x 30 cm column of strong cationic resin Amberlite IR 1 2 0 (H®). The first 500 ml water washings were discharged and the column was then eluted with 2 / of 0.2 N HC1 which yielded 1.2 g of a crystalline compound identified as glycine hydrochloride by its chromatographic be haviour and analytical data. The column was finally washed with 3 / of 1 N HC1 releasing, after concentra tion, 1.5 g of a-amino-/5-benzoyl-propionic acid hydrochlo ride chromatographically and analytically identical to the substance prepared from benzoyl acrylic acid. It was then reduced with NaBH4 to y-phenyl-homoserine which also gave two distinct peaks when chromato graphed in the amino acid analyzer. This fact suggested that the two peaks had to be related to the existence of the two pairs of enantiomers.
Carbobenzoxy-a-amino-ß-benzoyl-propionic acid. -A solution of 1.93 g (10 mmoles) of a-amino-/?-benzoylpropionic acid in 200 ml of 1 M N aH C 03 , cooled at O , was added under constant stirring of 2.04 g (12 mmoles) of benzyloxycarbonyl chloride, the pH of the solution being continuously held at pH 9 by addition of N NaOH. After 3 hrs the solution was extracted with ethyl ether, cooled at 0° and acidified to Congo red with 5 N HC1. The precipitate, formed on standing, was collected, washed with water and dried. The yield was 2.84 g (87%), mp 128°; ninhydrin negative spot (Rfl 0.65; R,2 0.35).
Anal. Calcd. for C18H 17N 0 5: C, 66.05; H, 5.24; N, 4.28. Found: C, 66.15; H, 5.25 ; N, 4.15.
Carbobenzoxy-a-amino-ß-benzoyl-propionyl-p-nitrophenyl ester. -To a solution of 3.27 g (10 mmoles) of carbobenzoxy-a-amino-/?-benzoyl propionic acid, 1.5 g (11 mmoles) of p-nitrophenol in 60 ml of anhydrous chloroform cooled at 0°, 2.06 g (10 mmoles) of dicyclohexylcarbodiimide were added under stirring. After 48 hrs at room tem perature the solution was washed with 5% N aH C 03 , dried over N a2S 0 4 , con centrated in vacuo. The residue, crystallized from ethyl acetate-ethyl ether gave yellow crystals (4.12 g) melting at 224°, and giving a single spot, hypochlorite starch positive, Rjx 0.9.
Anal. Calcd. for C.>4H.,0NoO7: C, 64.28; H. 4.50; N, 6.25. Found: C, 64.00: H, 4.47; N. 6.28 .
Carbobenzoxy-a-amino -ß-benzoyl -propionyl -glycine ethyl ester. -To a solution of 1.7 g (12 mmoles) of glycine ethyl ester hydrochloride and 12 mmoles of triethvlamine in 60 ml of anhydrous chloroform, 4.48 g (10 mmoles) of a-amino-/3'-benzoyl propionic acid-pnitrophenvl ester were added. After 24 hrs at room temperature the solution, washed with 1 N HC1 and 5% N aH C 03 , was dried over N a2S 0 4 and concentrated in vacuo. The solid residue (3.2 g; 78%), crystallized twice from ethyl acetate, melted at 153°.
Anal. Calcd. for CooHo4N>06: C, 64.06; H, 5.87; N, 6.79. Found: C, 6 3 ? 9 3 H ."5.94; N, 6 .78.
The same product (70% yield, mp 154°) was also obtained with mixed anhydride method (ethyl chlorocarbonate) from carbobenzoxy-a-amino-/?-benzoyl-propionic acid and glycine ethyl ester hydrochloride.
a-Amino-ß-benzoyl-propionyl-glycine ethyl ester hy drochloride. -A solution of carbobenzoxy-a-amino-/3-benzoyl propionyl-glycine ethyl ester (3 g) in 350 ml of acetic acid was hydrogenated in the presence of 0.3 g of 10% palladium on charcoal for 6 hrs. After catalyst removal, the filtrate was added of equimolecular amount of dry HC1 in ethanol and concentrated to dryness. The residue was crystallized from ethanol-ethyl ether. The yield was 1.70 g, mp 110°, single ninhydrin positive spot (Rh 0.73; R,2 0.46).
Anal. Calcd. for C14H 18N20 4 • H C l: C, 53.40; H. 5.77; N, 8.90. Found: C, 53.60; H, 6.01; N, 8.85 .
Carbobenzoxy-alanyl-a-amino-ß-benzoyl-propionyl-glycine ethyl ester. -To a solution of 2.08 g (6 mmoles) of a-amino-/?-benzoyl-propionyl glycine ethyl ester hy drochloride in 10 ml of pyridine, 1.72 g (5 mmoles) of carbobenzoxy-alanyl-p-nitrophenyl ester were added under stirring. After 48 hrs at room tem perature the solution was concentrated to dryness in vacuo. The ethyl acetate solution of the residue was washed with 1 N HC1, 5% NaHCO;? solution and water. After drying over N a2S 0 4 the solution was concentrated in vacuo and added of petroleum ether. A fter standing for several hours at 0°, a crystalline product separated out. The yield was 2 g (83%), mp 135°.
